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1.0 INTRODUCTION

Aluminum (Al) is the most commonly occurring metdlic eement, comprising eight percent of
the earth's crust. Only oxygen and silicon are more abundant (Press and Siever, 1974). Itisa
magor component of dmost al common inorganic soil particles with the exceptions of quartz
sand, chert fragments, and ferromanganiferous concretions. The typicd range of duminumin
soilsis from 1% to 30% (10,000 to 300,000 mg Al kg*') [compiled by Lindsay (1979) and
Dragun (1988)]. In histext book on Chemical Equilibriain Soils, Lindsay (1979) used an
arbitrary duminum reference concentration for al soils as averaging 7.1% (71,000 mg Al kg?).

Aluminogilicates, induding the feldspars, micas, and clay minerds, are the most common
primary and secondary minerals in soils (McLean, 1965). Aluminum oxide, Al,O,, occurs as
corundum and emery. The hydroxide, Al(OH),, occurs as gibbsite. Diaspore (AIOOH) and
cryolite are other sources of soil duminum (Hesse, 1972). Aluminum aso occursin interlayer
positions in clays, often forming complete layers to which the term chlorite is sometimes gpplied.
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20 ALUMINUM CHEMISTRY

The duminum ion bonds through oxygen to form awide variety of functiona groups. In igneous
rocks, duminum is largely bonded to oxygen ionsin tetrahedra coordination. As the rocks
weether, duminum progressively acquires more octahedra bonding. The weathering release of
auminum from 2:1 layer Slicatesin soils is enhanced by inputs of acids from the natura
decomposition of organic matter and mineras and from pollution (McBride, 1994). Acidsas
weak as dilute H,CO, have been shown to decompose the silicate and montmorillonite layers
facilitating the release of duminum (Jackson, 1963).

The hydrated duminum ion (Al hexahydronium ion) isan acid in the generd sensethat it

contains protons (hydrogen ions) removable from the six water molecules (-OH,) surrounding the
auminum in an octahedra coordination. For smplicity these hydrolysis species are generdly
written without the hydrated water even though the water is present. Thistrivaent cation
complex occursin acid solutions of pH 5.0 or 5.2 and below (Jackson, 1963; McLean et d.,
1965; Tisdae and Nelson, 1975). Asthe pH of the soil solution increases, first one and then two
of the (-OH,) groups lose a hydrogen ion to form an (-OH) ion, resulting in di- or mono-vaent
hydroxyauminum cations. All three of these cation species are adsorbed by negatively charged
(cation) exchange sites in the soil. The di- and monovaent forms are adsorbed more strongly
than Al(-OH,)s** (McLean et d., 1965; Jackson, 1963). Thision is octahedrally hydrated and
therefore less strongly held dectrodtaticaly and by hydrogen bonding than are the di- or mono-
vaent hydroxy-auminum cations (Jenny, 1961). It is readily displaced from the clay with a
neutral salt such as potassum chloride (Jenny, 1961; Jackson, 1963; McLean et d., 1965; Tisdde
and Nelson, 1975).

Asthe pH increases dtill further, the third (-OH,) group loses a hydrogen ion, and duminum
hydroxide, AI(OH), ¢ 3H,0, isformed. The stepsin the dissociation of protons from the
hydrated duminum ion in dilute solution may be represented by the following equations
(Jackson, 1963; Black, 1968; Lindsay, 1979; McBride, 1994; Tisdae and Nelson, 1975):

Al(H,0)& + H,0 = Al(H,0);OH* + H* log K, = -4.97
Al(H,0);,0H* + H,0 = Al(H,0),(OH)," + H* log K,= -4.93
Al(H,0),(OH)," + H,0 = Al(H,0),(OH)’(aq) + H* log K, = -5.7
Al(H,0),(OH);(aq) + H,O = Al(H,0),(OH), + H* log K, = -7.4

The concentrations of these species as afunction of pH are shown in Figure 2.1.
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Once soil pH islowered much below 5.5, duminoslicate clays and duminum hydroxide
mineras begin to dissolve, rdeasing aluminum-hydroxy cations and Al(H,0),** that then
exchange with other cations from soil colloids. The fraction of exchange Sites occupied by
Al(H,0):*" and its hydrolysis products can become large once the soil pH fals below 5.0.
Furthermore, as the pH islowered, the concentration of soluble duminum, which istoxic,
increases (McBride, 1994).

The chemistry of Al(H,0):** (normally written without the water molecules as AF*) in sall
solution is complicated by the fact that soluble inorganic and organic ligands form complexes
with AP*. Whether aligand increases or decrease duminum solubility depends on the particular
auminum-ligand complex and its tendency to remain in solution or precipitate. Ligands that
increase the overdl solubility of duminum include F, oxalate?, citrate®, fulvic acid, and
monomeric Slicate. Those that decrease the overdl solubility of duminum include phosphete,
sulfate, polymeric slicate, and hydroxyl. It isusualy the case that alarge fraction of the soluble
auminum isfound in the form of organic and fluoride complexes. Some of the duminum may
aso be complexed with soluble sllicate. There is evidence that these various complexed forms
of duminum are much less phytotoxic than soluble AF* or Al-hydroxy cations. Infact, the AF*
activity in soil solution is better correlated to diminished root growth in acid soils thet is total
soluble duminum or exchangeable duminum as afraction of cation exchange sites (McBride,
1994).

There is some evidence to suggest that the Al,;0,(OH),,(H,0),,"* polymeric cation is highly
phytotoxic. Thisisametastable species, however, that may not exist in soil solutions. 1t may be
formed by locdized and trangtory high pH conditions created during the titration of duminum
st solutions with strong base (McBride, 1994).
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Figure2.1. Solubility diagram of the mogt significant species of duminumin
an agueous solution of AICL. Gibbsite (AIOH,) is present as the solid phase at
al pH vaues. The broken line depicts total soluble duminum (sum of al
species concentrations).  Polymetric duminum- hydroxy cations are not
sgnificant species under the conditions of this system (from McBride, 1994).
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3.0 EFFECTSOFALUMINUM ON PLANTS

The extendgve research literature in the agricultura sciences on the effects of duminum on plants
dates back nearly a century. There is an ongoing need to identify not only the essentid plant
nutrients but aso factors that limit optima plant growth and productivity. Once duminum was
found to limit plant growth, efforts were made to discover the modes of action for duminum
toxicity, the ways to predict which soils were duminum toxic, the methods to amend these
problem soils to amdiorate duminum toxicity, and breeding programs to produce auminum
tolerant plants.

3.1 General Effects

The toxic effects of duminum on plants has been noted by many workers. Toxic levels of
auminum decrease the height and both the fresh and dry weight yields of plants (Rees and

Sidrak, 1961; Munns, 1965; Hortenstine and Fiskell, 1961). The effects on roots occur long
before any noticeable effects to the tops (McLean and Gilbert, 1927). The first evidence of injury
intherootsis a discolored appearance. Then lateral roots become stunted, or fail to develop, and
the whole root system fails to elongate (McLean and Gilbert, 1927; and Rhue and Grogan, 1977).
This effect on root elongation has aso been reported by Clarkson (1965), Matsumoto et d.
(1976), Keser et d. (1975), Lafever et d. (1977), Rees and Sidrak (1961), and Fleming and Foy
(1968). Injury to roots is characterized by a disorganization of the root cap, root apex, and
vascular eements (FHleming and Foy, 1968). According to astudy by MclLean and Gilbert (1927),
it gppeared as if duminum decreased the permeability of the roots to water and nutrients

The toxic effects of duminum to plants are observed in association with soluble duminum
(APY). For example, Mulder et a. (1989) obsarved a dose response relationship between ‘Tyler’
wheat root length versus the concentration of Al ** (see Figure 3.1).

In addition, severa studies of conifers grown in Al-enriched solutions a a pH lower than 5.5
resulted in reduced root growth rates (Hutchinson et a. 1986), shorter roots, less root mass, and
lower root:shoot ratios than controls (Nosko et d. 1988), and reduced root el ongation (Eldhuset

et al. 1987). When beech trees were exposed to Al-enriched solutions at a pH range of 4.21t0 5.4,
their leaves, roots and stems were 21% to 44% lower than controls (Bengtsson et a. 1988)
(Sparling and Lowe, 1996).
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Figure3.1. ‘Tyler wheat root length versus concentration of AP
(from Parker et d., 1989).

DRAFT Exhibit 5-2 3-2 July 10, 2000



3.2 Essentiality

Although there is no convincing evidence of its essentidity in plants, duminum has long been
known to be a condtituent of a blue pigment in Hydrangea (Chenery, 1948). There dso have
been many examples reported over the past 50 years in which plant growth has been stimulated
by subtoxic concentrations of dluminum (Matsumoto et d., 1976; Bertrand and de Wolf, 1968).
The beneficid effects of duminum may relae to reduction by the duminum of the uptake of a
second eement present in the root environment a potentialy toxic concentrations (Liebig et d.,
1942; Hiat et d., 1963; Suthipradit, 1988) In most cases in which positive effects of duminum
on plant growth have been reported, there has been insufficient supporting information to
establish whether or not they were indirect effects mediated through aleviation of toxicity of
another lement. Mogt positive responses to a uminum have been observed a nomind
auminum concentrations of < 37 mmM. However, because of the ease with which free
auminum ions are lost from solution by complexation, polymerization, and precipitation
reactions, the actua auminum concentrations in solution have probably been much lower
(Asher, 1991)

3.3 Effect on Phosphorus and Calcium

In addition to root growth inhibition, a decrease in the uptake and utilization of phosphorusis the
primary symptom of auminum toxicity in some susceptible plant species (MacLean and
Chiasson, 1966; Naidoo et d., 1978). Aluminum inactivates phosphorus, primarily within the
roots of plants, and thus interferes with the norma phosphate metabolism of plants (Wright,
1943; Wright, 1945; Wright and Donahue, 1953). Naidoo et d. (1978) found that duminum and
phosphorus were mainly concentrated on or in the outer cdlls of the root caps. Utilizing a
scanning electron microscope focused at one point, Naidoo et d. (1978) found that " spot”
andysis of the outer cell of snapbean and cotton root caps at high magnification showed that
auminum and phosphorus formed a precipitate at the cdl surface when duminum was present in
nutrient solution. Data from Clarkson (1966) indicated that 85 to 95% of the duminum in the
roots was located in the cdll wall fraction. This auminum seemed to fix the phosphorus by an
absorption-precipitation reaction, an extension of the reaction found in soils. According to
McCormick and Borden (1972 and 1974), the Al-PO, precipitate occurred as scattered globules
rather than as a continuous layer. The absorption-precipitation phenomenon occurred in the
extracdlular and intercellular materia of the root cap. McCormick and Borden (1972) dso
concluded that duminum may not only reduce phosphate availability by preventing the uptake of
externa sources, but aso may be able to "extract” the phosphate from the root tissue and disrupt
important metabolic activities.

In addition to the nonmetabolic interaction between duminum and phosphate a the cdll surface
or in the free space, asmal proportion of the total aluminum found in the root gppearsto be
inddethe cdll. Internd precipitation of phosphorus cannot explain the rapid cessation of cell
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divison in terms of phosphorus starvation. Any interaction between auminum and phosphorus
must be at ametabolic levd rather than a phosphorus deficiency through precipitation in order
for cdl divison to stop suddenly. The results of Clarkson (1965) showing reduction and
cessation of root growth might be explained by an effect of duminum on the turn-over of certain
key phosphorylated compounds such as adenosine triphosphate (ATP). Observations suggested
auminum may ather inhibit hexokinase or combine with the substrate to make it unavailable
(Clarkson, 1966).

Aluminum within root cdlls probably accumulates by ion exchange onto enteric phosphorusin
the nucleic acids and membrane lipids. duminum in the nuclei may act directly to reduce or
inhibit cdll divison by interference with nucleic acid replication (Clarkson, 1965; Matsumoto et
al., 1976; Naidoo et d., 1978). Ragland and Coleman (1962) and Rees and Sidrak (1961)
postulated that duminum may cause arearrangement of cdll congtituents and the protoplasm to

coagulate.

Researchers have observed that duminum causes a calcium deficiency in plants (Long and Foy,
1970; Armiger et d., 1968; Vlamis, 1953; Evans and Kamprath, 1970; MacL ean and Chiasson,
1966) which was due not to a deficiency of calcium in the growth medium, but to the detrimental
effect of auminum on adsorption and trand ocation of cacium.

3.4 Differential Tolerance of Plantsto Aluminum Toxicity

Species of plants show a congderable difference in the amount of duminum they are able to
tolerate. Susceptible plants can tolerate no more than one or two parts per million (ppm) in
nutrient solutions while other plants can tolerate over 100 ppm with little damage (McLean and
Gilbert, 1927; Ligon and Pierre, 1932; Peiffer, 1976; Chapman, 1966). Rhue and Grogan (1977)
and Reid et d. (1969) theorized that duminum tolerance is genetically controlled. Vose and
Randdl (1962) cite the cation exchange capacity of the roots as a possible factor in duminum
resstance. Tolerance to both auminum and manganese toxicities was associated with alow
cation exchange capacity of the plant root, which favors mono- to di-vaent uptake in accordance
with the Donnan theory. Naidoo et a. (1978), Keser et d. (1975), and Foy et a. (1978)
postulated thet tolerant plants have a mechaniam for preventing duminum uptake. Foy et d.
(1978) found that certain aluminum-tolerant cultivars of whest, barley, rice, peas, and corn had
the ahility to increase the pH of the smdl quantities of nutrient solutions in which they were
grown. Theincreasein pH decreased the solubility and toxicity of duminum. The exact
physiologica mechanism of duminum- tolerance or toxicity, however, was unresolved (Foy et

al., 1978).
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40 UPTAKE AND ACCUMULATION OF ALUMINUM BY PLANTS

4.1 Plant Uptake of Aluminum

According to Rasmussen (1968), the epidermd cells appear to effectively exclude the duminum
from entering the root at the root cap. The mode of duminum entry begins with the growth of a
laterd root from the pericycle. Asthe latera root enlarges, the cdlls of the endodermis divide,
and, as the root forces its way through the cortex of the parent root, the laterd root is encased in
an endoderma layer. Once the root breaks through the surface, however, the endodermal layer
dies and doughs-off, creating a path by which auminum and other eements can penetrate into
the cortical and vascular tissue of both the lateral and parent roots.

Bioavailability of duminum for plant uptake and toxicity is associated with pH, Snce duminum
is soluble and biologicdly available in acidic (pH <5.5) soils and waters, but is biologicaly
inactive in circumneutra to dkaine (pH 5.5-8.0) conditions. In dkaine soils and solutions (pH
>8.0), the solubility of duminum increases, but its bioavailability is poorly known (Sparling and
Lowe, 1996).

Weathering or acidification to pH below 5.5 increases the dissolution kinetics of Al and places
some of the metd into solution, whereit is readily bioavailable to living organisms (athough
dissolved organic carbons, such as F, PO,* and SO,* can amdiorate toxicity by reducing
bicavailability) (Sparling and Lowe, 1996). Once in solution, Al may combine with severd
organic complexes, especidly oxalic, humic, and fulvic acids. Aluminum may aso combine
with inorganic molecules, induding sulfate (SO,?), fluoride (F), phosphate (PO,*),
biocarbonates (HCO;"), or hydroxides (OH), depending on the relative concentrations of these
anions. Biologicd activity and toxicity vary with compostion. For example, Al sulfates are
generdly consdered less toxic than hydroxide or organicaly bound Al (Driscoll and Schecher
1988). Aqueous Al (APF*), however, is more chemicaly and biologicaly active than that bound
to soil or sediments (Sparling and Lowe, 1996).

Monomeric and hydrolyzed forms of Al [AF*, AI(OH)*, AI(OH),*, AI(OH),] aretypicdly the
most toxic, whereas, polymeric and organically bound forms have dight to no phytotoxicity
(Fageriaet a. 1988; Taylor, 1988). Often, the sum of the concentrations of monomeric Al is
used to estimate the phytotoxicity to agrowing medium. Although Parker et d. (1989)
contended that polymeric Al can be astoxic as AP* in nutrient solutions, polymeric Al is
generdly not soluble in soil and therefore, should not be astoxic. 1n soil, the concentration of
AP* may auffice to predict toxicity (Sparling and Lowe, 1996).
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4.2 Accumulation of Aluminum in Plant Tissue

Rooat staining techniques have shown that duminum accumulates principdly in the root tips of
the main root and laterd root tissue, with smal quantitiesin the cortex and epidermd cdlls
(McLean and Gilbert, 1927; Fleming and Foy, 1968; Matsumoto et a., 1976). Aluminum hasa
high affinity for pectin so thet cdl wall surfaces of the Donnan Free Space are the most obvious
areas for duminum to concentrate upon entering the root (Rorison, 1965; Clarkson, 1967).

Data on duminum uptake by roots suggest that, in the initid stages, most of the duminum
incorporated becomes bound to the adsorption stesin the cell wall, most likely to free carboxyl
groups. Aluminum may aso be precipitated on the root or cell surfaces as Al(OH), by the
hydrolyss of Al(OH), and Al(OH) by free carboxyl groups (Clarkson, 1967). The positively
charged amorphous auminum hydroxides are known to adsorb and precipitate phosphorus from
solution, forming Al(OH),H,PO,. This same thing can happen on cdl surfaces effectively
reducing the concentration of phosphorus available for metabolic uptake (Clarkson, 1967).
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50 EFFECTSOF ALUMINUM ON SOIL INVERTEBRATES

A preiminary review of the literature reveded only one study on the toxicity of duminum to
earthworms or other soil invertebrates. Van Gestel and Hoogerwerf (unpublished), as reported
by Van Gestd (1992), determined the influence of soil pH on the sublethd toxicity of duminum
for Eisenia andrel in artificid soil. Effects on growth and reproduction were studied in worms
exposed for 6 weeks (Table 5.1). Results were expressed in terms of a No-Observed-Effect-
Concentrations (NOEC). They concluded that low soil pH significantly increased duminum
toxicity. At the highest pH tested (7.3), earthworm growth was sgnificantly increased & high
auminum concentrations in soil. This increased growth was not related, however, to the
auminum dose. The effect of duminum on cocoon production did not seem to be influenced by
soil pH. At pH 3.4 (lowest pH reported), al wormsdied a 1000 mg Al kg' dry soil. At this pH
level cocoon production was dmost completely inhibited at 320 mg Al kg*, whereas at pH 4.3
and 7.3 it was only haved at this concentration. Cocoon production in control groups was
sgnificantly reduced at pH 3.4 compared to the two higher pH soils. Aluminum extracted with
1N cacium chloride appeared to decrease with increasing soil pH. The effects on growth and
cocoon production could, however, only partidly be related to the amount of free duminum in
the soil. They concluded that other factors apparently aso played arole.

Tableb5.1. Influence of soil pH on the effect of aluminum on Eisenia andrel in artificial soil
(6 weeks exposure).
NOEC (mg Al/kg dry soil) at pH
Parameter

3.4 4.3 7.3
Survival 320 10007 10007
Growth 100 10007 3>
Cocoon production 100 100 100
Cocoon fertility 100 10007 10007
Juveniles/fertile cocoons 1007 10007 10007

2 Reliability of thisvalueislow dueto alow number of cocoons
b Growth was significantly increased at higher concentrations of aluminum
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6.0 UPTAKE AND ACCUMULATION OF ALUMINUM IN SOIL INVERTEBRATES

Data on the uptake and accumulation of duminum from soil pore water into soil invertebrates
could not be located for review.
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70 MEASURING ALUMINUM IN SOILS

When researchers, using nutrient solutions, displaced soil solutions, and soils at various pH
levels, discovered that conditions toxic to plantsin acid soils were due, in many cases, to toxic
levels of duminum, it was apparent that away of determining the plant available duminum
could be useful for the evaluation of the potentid toxicity of a particular soil. Many different
methods of measuring duminum in soils have been used. Displacement of the soil solution, the
use of acid solutions, and buffered and unbuffered salt solutions are reported as methods for
extracting duminum.

7.1 Total Aluminum

Tota duminum is often measured in soils because it provides useful information on the
characterization of soilswith repect to the origin of parent materials and weathering. It dso
serves as abadsfor caculating the minerdogical compostion of the sample (Bertsch and
Bloom, 1996). Tota soil duminum as adirect measure of duminum toxicity, however, appears
to have little or no value based on the previoudy presented information. It is not possbleto
corrdae the soil solution concentration of uminum to the total soil duminum measurement.
Mulder et d. (1989) measured total soil duminum (%) and soil solution duminum in samples
collected below plant rooting zones and found no relationship between the two concentrations
(Figure 7.1).

7.2 _Exchangeable and Extractable Aluminum

Exchangeable and extractable duminum, disolaced most commonly with an unbuffered sdt
solution such as 1M KCI, 0.5M CaCl,, or 0.5M BaCl,, traditiondly have had two primary uses.
Thefirg isthe formulation of lime requirements for acid soils (Kamprath, 1970; Reeve and
Sumner, 1970; Amedee and Peech, 1976; Farina et d., 1980; Juo and Kamprath, 1979; Oates and
Kamprath, 1983a,b). Second, because of its importance as a predominant cation in acid soils,
exchangeable duminum is a criticd varigble in establishing effective cation exchange capacity
(ECEC) vaues, which are utilized for soil management and classification purposes, and in
evauating changes in forested soils influenced by acidic deposition and land-use practices (Juo et
d., 1976; Pavan et d., 1984; Evans and Zdazny, 1987; Mulder et a., 1987; Lilieholm and
Feagley, 1988; Adams et al., 1990; Reuss et d., 1990; Rasmussen et d., 1991). For these
goplications, invedtigators are interested in arriving at a reproducible measure of exchangesble
AP* that reflects duminum exchange equilibria as accurately as possible (Bertsch and Bloom,
1996).
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Figure 7.1. Soil solution duminum collected below plant rooting zones
(from Mulder et d., 1989).
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7.3 Soluble Aluminum

Soluble duminum in soil solutions can be an important parameter to study the impact of
acidification on forest soils and watershed, the formation (or dissolution) of secondary ol
mineras, and to assess duminum toxicity to plantsin acid soils and aguetic organismsin
acidified watersheds. Most techniques used to obtain soil solutions for chemica andlysis of the
typica predominant soil cations (Ca&#* , Mg?*, Na', and K*) dso can be used for duminum.
More care is needed, however, snce duminum istypicaly present in soil solution at much lower
concentrations and at much higher concentrationsin the whole soil that the other soil cations.
Also, the solubility of duminum is pH dependent and factors that result in change of pH to a
vaue near neutrdity can result in loss by precipitation. Many commonly utilized sampling
devices can result in ether the remova of duminum through sorption, or contamination of
auminum through dissolution reactions. Coallection of samples with low auminum
concentrations require great care to minimize contamination from background sources. Methods
of collecting soil solutions in which to measure soluble duminum indude in situ sampling with
lysmeters, miscible displacement of soilsin packed columns, centrifugation with or without a
heavy liquid immiscible with water, and filtrations of soil solution samples through a nonresctive
membrane filter with pore sizes of 0.45-mmm or less (Bertsch and Bloom, 1996).

Mulder et d. (1989) demongirated that the relationship between soil solution pH and soluble
auminum concentrations and demonstrated that above apH of 5.0 soluble duminum is not
measured (Figure 7.2). This data supports the conclusion that at a soil pH of 5.0 and higher,
soluble duminum does not occur and toxicity associated with duminum in soils is not expected.
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80 CONCLUSIONSON SCREENING SOILSFOR ALUMINUM TOXICITY

Aluminum (Al) isthe most commonly occurring metdlic dement comprising eight percent of the
earth's crust (Press and Siever, 1974). It isamgor component of dmost al common inorganic
s0il particles with the exceptions of quartz sand, chert fragments, and ferromanganiferous
concretions. Thetypica range of duminum in soilsis from 1% to 30% (10,000 to 300,000 mg
Al kg (Lindsay, 1979 and Dragun, 1988) with naturally occurring concentrations variable over
severd orders of magnitude.

EPA recognizes that due to the ubiquitous nature of duminum, the naturd variability of
auminum soil concentrations and the avallability of conservative soil screening benchmarks
(Efroymson, 1997b), dluminum is often identified as a contaminant of concern (COC) for
ecologica risk assessments.  The commonly used soil screening benchmarks (Efroymson,
1997b) are based on laboratory toxicity testing using auminum solution amendments to test
soils. Comparisons of total auminum soil concentrations to solution based screening values are
deemed by EPA to be inappropriate.

The standard anaytical measurement of duminum in soils under CERCLA contract |aboratory
procedures (CLP) istotd recoverable metd. The available data on the environmentd chemistry
and toxicity of duminum in soil to plants and soil invertebrates as discussed in the preceding
chapters supports the following conclusons:

. Totd duminum in soil is not corrdated with toxicity to the tested plants and soil
invertebrates.

. Aluminum toxicity is associated with soluble duminum.

. Soluble duminum and not tota duminum is associated with the upteke and

bicaccumulation of duminum from soilsinto plants.

Measurement of Soluble Aluminum in Soils

Chemicd and toxicologica information suggests that duminum must be in asoluble formin
order to betoxicto biota. It is, however, difficult to measure accurately or with precision the
concentration of soluble duminum in pore water or in Soil extracts. The difficulties associated
with the measurement of soluble duminum are discussed in detall in the previous chapters and
include the following:
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. Contamination problems. Aluminum is ubiquitous and the possibility of contamination
of pore water or soil extract samples with duminum from other sources is high. Sampling
requires specid handling to minimize background contamination.

. Forms of soluble auminum which may be toxic are poorly understood

. Techniques for measurement of soluble auminum are not well developed and would
require refinement in order to consstently provide reproducible results that could be used
with confidence.

Basad on the available information, it is not possible at this time to recommend the direct
measurement of soluble duminum as the method for prediction of toxicity of duminum in soils

It is possible to recommend as an dternative the measurement of soil pH. The presence of
soluble duminum formsis pH dependent. Thus, the measurement of soil pH provides an indirect
but reliable gpproach for assessing if soluble auminum could be present. The use of apH
screening leve of 5.5 is condgdered environmentaly protective .

Alternative Screening Procedure for Aluminum

Potentid ecological risks associated with duminum in soils is identified based on the measured
soil pH. Aluminum isidentified asa COC only for those soilswith a soil pH lessthan 5.5.
The technicd basisfor this procedure is that the soluble and toxic forms of duminum are only
present in soil under soil pH vaues of lessthan 5.5. Site-gpecific considerations could, however
warrant incluson of duminum asa COC.
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